The SOCE (store-operated Ca 2 + entry) pathway plays a key role in both normal cells and cancerous cells. However, its molecular mechanism remains a long-lasting puzzle of Ca 2 + signalling. In this paper, we provide evidence that butyric acid, a dietary fibre-derived short-chain fatty acid, induces apoptosis of colon cancer cells via SOCE signalling networks. We found that sodium butyrate (NaB) induces Ca 2 + release from endoplasmic reticulum, which in turn causes extracellular Ca 2 + influx in HCT-116 cells. The Ca 2 + release and influx are important, because the addition of chelators, EGTA or BAPTA/AM [1,2-bis-(o-aminophenoxy)ethane-N,N,N ,N -tetra-acetic acid tetrakis(acetoxymethyl ester)] respectively blocked NaB-induced apoptosis. Furthermore, down-regulation of STIM1 (stromal interaction molecule 1) by RNA interference or pharmacological blockade of the SOCC (store-operated Ca 2 + channel) by 2-APB (2-aminoethoxydiphenyl borate) or SKF-96365 inhibited NaB-induced extracellular Ca 2 + influx and apoptosis in HCT-116 cells. Thus we conclude that NaB triggers colon cancer cell apoptosis in an SOCE-dependent manner. This finding provides new insights into how butyric acid suppresses colon carcinogenesis.
INTRODUCTION
Colorectal cancer is the third most common cancer and the fourth leading cause of cancer-related death in the world, with an estimated incidence of 1 233 700 new cases and a mortality of 608 700 deaths annually based on the statistics for the year 2008 [1] . Despite the recent advent of targeted therapy (e.g. cetuximab and bevacizumab) and the improvement of other treatment modalities, the prognosis for patients with metastatic colorectal cancer remains limited [2] . This reality highlights the need to develop new chemoprophylactic agents for the prevention of colorectal cancer at the early stage.
Short-chain fatty acids have been shown to inhibit progression of colorectal cancer [3, 4] . They are naturally produced via the process of anaerobic microbial fermentation of dietary fibres
Abbreviations used: 2-APB, 2-aminoethoxydiphenyl borate; BAPTA/AM, 1,2-bis-(o-aminophenoxy)ethane-N,N,N ,N -tetra-acetic acid tetrakis(acetoxymethyl ester); [Ca 2 + ]i, intracellular calcium concentration; ER, endoplasmic reticulum; fluo-4/AM, fluo-4 acetoxymethyl ester; PARP , poly(ADP-ribose) polymerase; PI, phosphoinositide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; qPCR, quantitative PCR; RNAi, RNA interference; RT-PCR, reverse transcription-PCR; SERCA, sarcoplasmic/endoplasmic reticulum Ca 2 + -ATPase; SOCC, store-operated Ca 2 + channel; SOCE, store-operated Ca 2 + entry; siRNA, small interference RNA; STIM1, stromal interaction molecule 1; TGF-β, transforming growth factor-β 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email feizoudean@hotmail.com).
within the colon. Among them, butyric acid has received the greatest amount of attention owing to its potent and pleiotropic anticancer effects. Sodium butyrate (NaB) inhibits cell cycle progression, induces apoptosis and promotes differentiation in various types of cancer cells, including colorectal cancer [5, 6] , lymphoma cancer [7] and breast cancer [8, 9] cells. However, the mechanism of action remains elusive. It was suggested that the anticancer effect of NaB is mediated, at least in part, by the inhibition of histone deacetylase [10] . Kim et al. [11] showed that NaB promotes apoptosis of colon cancer cells in vitro by up-regulating the TRAIL [TNF (tumor necrosis factor)-related apoptosis-inducing ligand] receptor DR5. Finally, NaB causes increased expression and activation of Smad3, a tumorsuppressor gene of the TGF-β (transforming growth factor-β) signalling pathway, and up-regulation of the pro-apoptotic protein iBid and down-regulation of the pro-survival proteins c-FLIP (Fas-associated death domain-like interleukin 1β-converting enzyme-inhibitory protein) and XIAP (X-linked inhibitor of apoptosis) [12] .
The Ca 2 + signalling pathway plays an important role in many cellular activities, including neurosecretion, skeletal muscle contraction and cell growth and differentiation [13] . Accumulating evidence supports the notion that increased cytoplasmic Ca 2 + could cause cell apoptosis, at both early and late stages of apoptotic processes [14, 15] . SOCE (store-operated Ca 2 + entry) refers to the phenomenon that depletion of intracellular Ca 2 + stores activates Ca 2 + channels in the plasma membrane as a compensatory mechanism to refill the internal Ca 2 + store [16] . STIM1 (stromal interaction molecule 1) and Orai1 are two proteins essential for SOCE. STIM1 has a single transmembrane domain and an EFhand Ca 2 + -binding domain as a sensor of the ER (endoplasmic reticulum) luminal Ca 2 + . Through redistribution, STIM1 binds to and transmits signal to Orai1, the pore forming subunit of the SOCC (store-operated Ca 2 + channel) [17] [18] [19] [20] [21] [22] [23] . This interaction results in extracellular Ca 2 + influx. The SOCC-mediated Ca 2 + release from the ER and extracellular Ca 2 + influx could, in turn, cause apoptosis [24] [25] [26] [27] . Therefore since SOCE is one of the major mechanisms for Ca 2 + entry in non-excitable cells, we hypothesized that SOCE is involved in apoptosis induced by NaB; however, this has not yet been investigated. Here, we report that both intracellular and extracellular Ca 2 + play a key role in NaB-induced apoptosis in the colon cancer cell line, HCT-116. Moreover, the influx of extracellular Ca 2 + is mediated through SOCE.
MATERIALS AND METHODS

Materials
Antibodies against PARP [poly(ADP-ribose) polymerase] and STIM1 were purchased from Cell Signaling Technology. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) antibody was purchased from Santa Cruz Biotechnology. BAPTA/AM [1,2-bis-(o-aminophenoxy)ethane-N,N,N ,N -tetraacetic acid tetrakis(acetoxymethyl ester)] was purchased from Molecular Probes (Eugene, OR, U.S.A.). STIM1 siRNA (small interference RNA) and scrambled siRNA were purchased from GenePharma. Lipofectamine TM 2000 reagent was purchased from Invitrogen. Reagents for electrophoresis were obtained from Bio-Rad Laboratories. All other chemicals and reagents were purchased from Sigma-Aldrich unless otherwise specified.
Cell culture
The human colon cell line, HCT-116 cells, was obtained from A.T.C.C. Cells were maintained in DMEM (Dulbecco's modified Eagle's medium; Gibco BRL), supplemented with 10 % (v/v) fetal bovine serum (Gibco BRL), 100 units/ml penicillin and 100 μg/ml streptomycin at 37
• C in a humidified atmosphere of 5 % CO 2 and 95 % air.
Apoptosis assays
Nuclear condensation, phosphotidylserine externalization and PARP cleavage were carried out to evaluate apoptosis. For the assessment of nuclear condensation, 1×10 6 HCT-116 cells were washed twice with PBS, stained with 5 μg/ml Hoechst 33342 (Sigma-Aldrich) and incubated at 37
• C for 15 min. Fluorescence images were taken by using a scanning confocal microscope (FV-1000; Olympus). Phosphotidylserine externalization was assayed using an annexin V/PI (phosphoinositide) apoptosis detection kit according to the manufacturer's instructions (BD Pharmingen). In brief, 1×10 6 HCT-116 cells were washed twice with PBS and stained with 5 μl of annexin V-FITC and 10 μl of PI in binding buffer (10 mM Hepes, pH 7.4, 140 mM NaOH and 2.5 mM CaCl 2 ). A subsequent flow cytometric analysis was conducted on a FACScan with Cell Quest software (Becton Dickinson).
Western blotting
The HCT-116 cells were washed twice with PBS and lysed for 30 min with ice-cold lysis buffer [50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.5 % cholate acid, 0.1 % SDS, 2 mM EDTA, 1 % Triton X-100 and 10 % (v/v) glycerol] containing protease inhibitor cocktail (Roche). Total cell lysates were centrifuged at 14 000g for 15 min at 4
• C. The protein concentration of the supernatant was determined by the Bradford assay kit (Bio-Rad Laboratories). Equal amounts of protein (30 μg per lane) were loaded and separated by SDS/PAGE (10 % gel) and transferred to PVDF membranes (Bio-Rad Laboratories) and incubated with primary antibodies at optimal dilution at 4
• C overnight. Horseradish peroxidase-conjugated goat anti-mouse IgG was used as a secondary antibody. The specific complexes were visualized using a SuperSignal West Pico chemiluminescent substrate detection kit (Pierce Biotechnology) according to the manufacturer's instructions. The level of protein expression was quantified with the Optiquant version 3.00 program (Packard Instrument).
Conventional and real-time RT-PCR (reverse transcription-PCR)
Total RNA was isolated from HCT-116 cells using TRIzol ® reagent (Invitrogen). RNA quality and quantity were assessed using a NanoDrop bioanalyser and synthesis of single-stranded cDNA from RNA was performed using the SuperScript TM III FirstStand Synthesis SuperMix for the qRT-PCR (quantitative RT-PCR) system (Invitrogen) according to the manufacturer's recommendations. Real-time qPCR (quantitative PCR) was performed with 5 μl of diluted (1:25) cDNA in a final volume of 25 μl using SYBR GreenER qPCR SuperMix (Invitrogen). Levels of mRNA were quantified using the following gene-specific primers: STIM1 (forward: 5 -CCCCAACCCTGCTCACTTC-3 ; and reverse: 5 -GCTGGCGGTCACTCATGTG-3 ); GAPDH (forward: 5 -GCACCGTCAAGGCTGAGAAC-3 ; and reverse: 5 -GCCTTCTCCATGGTGGTGAA-3 ). For the normalization of the initial cDNA amount, amplification of GAPDH was performed as an endogenous control. The relative expression in each sample was calculated using the comparative threshold cycle method.
RNAi (RNA interference)
The nucleotide sequences of siRNAs targeting the human STIM1 were as follows: sense, 5 -GGCUCUGGAUACAGUGCUCTT-3 , and antisense, 5 -GAGCACUGUAUCCAGAGCCTT-3 ; STIM1 siRNA-2, sense, 5 -GAAGCUGCGCGAUGAGAUCTT-3 and antisense, 5 -GAUCUCAUCGCGCAGCUUCTT-3 . The scrambled control siRNA sequences were as follows: sense, 5 -UUCUCCGAACGUGUCACGUTT-3 , and antisense, 5 -ACGUGACACGUUCGGAGAATT-3 . To silence STIM1 gene expression, HCT-116 cells were transfected with siRNAs using Lipofectamine TM 2000 (Invitrogen) according to the manufacturer's instructions. At 72 h after transfection, down-regulation of STIM1 was examined by PCR for mRNA and Western-blot analysis with anti-STIM1.
Intracellular Ca 2 + measurements
Intracellular Ca 2 + was monitored using a Ca 2 + -sensitive fluorescent indicator, fluo-4/AM (fluo 4 acetoxymethyl ester; Invitrogen), by an inverted laser scanning confocal microscope (FV1000-IX71, Olympus). Cells were loaded with 3 μM fluo-4/AM at 37
• C for 30 min in darkness with modified Hanks buffered salt solution containing 25 mM Hepes, 150 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 0.4 mM MgCl 2 and 25 mM D-glucose (pH 7.4). Ca 2 + -free buffer solution was prepared by omitting CaCl 2 and adding 0.5 mM EGTA. They were rinsed twice in standard solution and kept at room temperature (25 + − 2
• C) for 20 min to allow de-esterification of fluo-4 ester. In certain experiments, HCT-116 cells were maintained in Ca 2 + -free buffer 30 min before Ca 2 + image recording. Green fluorescence of fluo-4 was excited by a 10 mW multi-tune argon laser at 488 nm, and emitted fluorescence was recorded through a 525 nm channel. For imaging using Fluo-4, [Ca 2 + ] i (intracellular calcium concentration) changes are presented as F/F 0 ratios after background subtraction, where F was the change in fluorescence signal intensity and F 0 was the baseline as calculated by averaging the ten frames before stimulus application.
Statistical analysis
All experiments were conducted at least three times with samples in triplicate. Results are expressed as means + − S.E.M. Data were analysed by one-way ANOVA. The difference was considered statistically significant at P < 0.05. SPSS version 13.0 was used to analyse all results.
RESULTS
NaB induced the apoptosis of HCT-116 cells
The effect of NaB on nuclear condensation, a morphological feature characteristic of apoptosis, in HCT-116 cells was evaluated using the DNA-binding dye Hoechst 33342. As shown in Figure 1(A) , treating the cells with 10 mmol/l NaB for 24 h substantially induced nuclear condensation and fragmentation. The extent of apoptosis was further quantified using annexin V-FITC/PI staining followed by flow cytometric analysis. At the concentration of 10 mmol/l, NaB induced phosphotidylserine externalization as early as 12 h after treatment and the proportion of cells stained positively with annexin V increased in a time-dependent manner ( Figure 1B) . A dose-dependent increase in annexin V-positive staining in NaB-treated cells was also observed ( Figure 1C) . The pro-apoptotic effect of NaB was further corroborated with the measurement of cleavage of PARP, a biochemical marker of apoptosis, by Western-blot analysis. A marked increase in the cleavage of PARP was noted after treatment with 10 mmol/l NaB for 24 h, which was consistent with data obtained by the annexin V/PI assay ( Figures 1D and 1E) . Figure 2 (A), 0.5 mmol/l EGTA significantly attenuated the apoptosis induced by NaB as measured by annexin V/PI staining, while EGTA at this concentration by itself had no effect. To elucidate the contribution of the intracellular stores to [Ca 2 + ] i in HCT-116 cells treated with NaB, cells were incubated with or without 10 μmol/l BAPTA/AM, an agent that chelates intracellular Ca 2 + . In this regard, BAPTA/AM significantly decreased the percentage of annexin V-positive cells induced by NaB (Figure 2A) . Furthermore, PARP cleavage induced by NaB was attenuated by 0.5 mmol/l EGTA or 10 μmol/l BAPTA/AM ( Figure 2B ). These observations suggest that both intracellular and extracellular Ca 2 + sources are implicated in NaB-induced apoptosis in HCT-116 cells.
Chelation of intracellular or extracellular Ca
NaB induced the classical SOCE as revealed by Ca 2 + imaging
To determine whether SOCE is induced by NaB, HCT-116 cells were first loaded with fluo-4/AM followed by treatment with NaB or thapsigargin, an agent that has been shown to induce SOCE. In the absence of extracellular Ca 2 + , both thapsigargin and NaB induced the release of Ca 2 + from the intracellular stores ( Figure 3A) . When Ca 2 + was restored to the bathing solution, both thapsigargin and NaB induced a rapid increase in [Ca 2 + ] i , followed by gradual reduction, which reflects a dynamic balance between increased Ca 2 + influx and efflux. Ca 2 + influx induced by NaB was mediated through SOCCs as the influx was inhibited by the SOCC inhibitors 2-APB (2-aminoethoxydiphenyl borate; 75 μmol/l) and SKF-96365 (5 μmol/l; Figure 3A) . In addition, knockdown of STIM1 by two independent sets of siRNA inhibited the influx of extracellular Ca 2 + caused by NaB without affecting the release of Ca 2 + from the intracellular stores ( Figure 3B ). 
Pharmacological inhibition of SOCC or depletion of STIM1 by RNAi attenuated the apoptosis induced by NaB
The results presented so far indicate that NaB induced SOCE and apoptosis in HCT-116 cells. However, it was unclear whether SOCE was causally related to NaB-induced apoptosis. We demonstrate here that SOCC inhibitors 2-APB (75 μmol/l) or SKF-96365 (5 μmol/l) significantly reduced phosphotidylserine externalization and PARP cleavage induced by NaB ( Figures 4A  and 4B ), whereas the L-type calcium channel blocker Nifedipine had no effect (results not shown). Furthermore, two independent sets of STIM1 siRNA, both of which significantly reduced the mRNA and protein levels of STIM1 (see Supplementary Fig- and NaB-induced Ca 2 + influx ( Figure 3B ), mitigated the proapoptotic effect of NaB as measured by annexin V/PI staining ( Figure 4C ) and PARP cleavage ( Figure 4D ).
DISCUSSION
NaB has been shown to induce apoptosis in colon cancer cells by regulating multiple intracellular signalling pathways. There is undisputed evidence supporting that Ca 2 + signalling is important for the regulation of apoptosis [28] [29] [30] . Nevertheless, the mechanism by which Ca 2 + signalling takes part in the pro-apoptotic action of NaB is unknown. In the present study, we showed that chelation of intracellular or extracellular Ca 2 + by BAPTA/AM or EGTA respectively mitigated apoptosis in NaB-treated HCT-116 colon cancer cells. Importantly, NaB induced the classical SOCE, i.e. a rapid release of Ca 2 + from intracellular stores followed by extracellular Ca 2 + influx. The direct involvement of SOCE in the pro-apoptotic action of NaB is supported by the finding that suppression of SOCE by the pharmacological or RNAi approach attenuated NaB-induced apoptosis. These findings suggest that SOCE mediated, at least in part, the pro-apoptotic effect of NaB in HCT-116 colon cancer cells.
Elevation of cells with 2-APB or SKF-96365, which are pharmacological inhibitors of SOC, or RNAi-mediated depletion of STIM1 impaired SOCE and apoptosis induced by NaB in HCT-116 cells, supporting that SOCE is causally related to apoptosis. The mechanism by which NaB induces SOCE is at present unknown, but our results showed that NaB did not affect the total expression of STIM1 or Orai1(results not shown). Moreover, the release of Ca 2 + from intracellular stores occurred immediately after the administration of NaB, suggesting that induction of SOCE is independent of transcription and translation or its effect on cellular differentiation. However, the present study cannot rule out the possibility that NaB could directly enhance SOCE through a mechanism independent of Ca 2 + release from intracellular stores.
GPR41 has been demonstrated to be a novel receptor for butyrate and this receptor is directly coupled with inositol 1,4,5-trisphosphate formation and intracellular Ca 2 + release via the Pertussis toxin-sensitive G i/o family [32] . It is therefore speculated that SOCE may be mediated by the same receptor. In addition to a receptor-mediated mechanism, polyunsaturated fatty acids have been reported to modulate the activity of SERCA (sarcoplasmic/endoplasmic reticulum Ca 2 + -ATPase), an ERresiding ATPase responsible for the reuptake of cytoplasmic Ca 2 + [33] . It is possible that NaB may possess a similar ability to modulate SERCA activity and thereby act like thapsigargin to mobilize ER Ca 2 + to activate SOCE. Moreover, fatty acids have been shown to promote Ca 2 + entry through non-SOCE, arachidonate-regulated Ca 2 + channels [34] . The contribution of this Ca 2 + entry pathway to NaB-induced apoptosis, however, has not been determined.
SOCE may contribute to the sustained elevation of [Ca 2 + ] i , which by itself is sufficient to induce apoptosis through the
activation of the calcineurin-NFAT (nuclear factor of activated T-cells) cascade [35, 36] . In this regard, Ca 2 + influx has been shown to be required for the induction of apoptosis by doxorubicin, 5-fluorouracil, TGF-β and ionizing radiation in cancer cells [37] . Moreover, SOCE constitutes the primary source of Ca 2 + influx to trigger apoptosis in prostate cancer cells, in which down-regulation of Orai1 and thus SOCE protects against the cytotoxic effect of thapsigargin, TNFα and cisplatin/oxaliplatin [38] . Down-regulation of SOCE may also be a protective mechanism to counteract the pro-apoptotic effect of Bax overexpression [39] . However, it is worth noting that, depending on circumstances, SOCE may be anti-apoptotic. To this end, inhibition of SOCCs enhances cell death in osteoclasts caused by depletion of ER Ca 2 + [40] . It has been postulated that the pro-or antiapoptotic nature of SOCE is determined by the state of ER [35] . In the present study, SOCE is pro-apoptotic in the context of NaB-induced apoptosis in colon cancer cells.
In conclusion, the present study shows for the first time that extracellular Ca 2 + influx, which is mediated by SOCCs in an STIM1-dependent manner, is involved in NaB-induced apoptosis in colon cancer cells. These results not only provide new insights into the molecular mechanism of the pro-apoptotic action of NaB in colon cancer cells, but also highlight the role of SOCE in the regulation of apoptosis. 
